The glycosaminoglycan hyaluronan (HA), a component of the extracellular matrix, has been implicated in regulating neural differentiation, survival, proliferation, migration, and cell signaling in the mammalian central nervous system (CNS). HA is found throughout the CNS as a constituent of proteoglycans, especially within perineuronal nets that have been implicated in regulating neuronal activity. HA is also found in the white matter where it is diffusely distributed around astrocytes and oligodendrocytes. Insults to the CNS lead to long-term elevation of HA within damaged tissues, which is linked at least in part to increased transcription of HA synthases. HA accumulation is often accompanied by elevated expression of at least some transmembrane HA receptors including CD44. Hyaluronidases that digest high molecular weight HA into smaller fragments are also elevated following CNS insults and can generate HA digestion products that have unique biological activities. A number of studies, for example, suggest that both the removal of high molecular weight HA and the accumulation of hyaluronidase-generated HA digestion products can impact CNS injuries through mechanisms that include the regulation of progenitor cell differentiation and proliferation. These studies, reviewed here, suggest that targeting HA synthesis, catabolism, and signaling are all potential strategies to promote CNS repair.
Introduction
Up to 20% of the volume of the mammalian central nervous system (CNS) is composed of an extracellular matrix (ECM) that includes proteins, proteoglycans, and glycosaminoglycans [1] . Evolving evidence indicates that the composition and organization of this matrix change throughout the course of normal aging, in neurodegenerative diseases and following CNS injury and that these alterations influence a wide range of cellular behaviors. The CNS ECM was originally believed to play mostly structural roles including supporting tissue architecture. Findings over the past few decades, however, indicate that the CNS ECM is an information-rich environment that includes signals that influence cell proliferation, differentiation, migration, synapse formation and remodeling, and responses to injury [2] [3] [4] [5] [6] [7] .
The composition and function of the CNS ECM can differ within distinct areas of the CNS [8] . For example, white matter ECM is far more diffuse compared to gray matter ECM. Within gray matter, perineuronal nets that surround some neuron cell bodies and dendrites are composed of a dense matrix of glycosaminoglycans, proteoglycans, tenascin R, and link proteins. This specialized ECM can regulate synaptic 2 International Journal of Cell Biology plasticity [9] while the negatively-charged glycosaminoglycans can influence the diffusion of cations that support rapid neuronal firing [10] . Another distinct ECM environment can be found in the basal lamina surrounding cerebral vessels, which is composed of collagen, fibronectin, perlecan, dystroglycan, and laminin-nidogen complexes. It surrounds the pial surface of the CNS and separates endothelial cells from the parenchyma, thus contributing to the blood-brain barrier [8] .
Although numerous studies have implicated proteoglycans in the response to CNS damage and in mediating inflammatory responses and recovery (for excellent recent reviews see [11] [12] [13] ) there is growing evidence that the glycosaminoglycan hyaluronan (HA) plays specific roles in regulating neural progenitor cell proliferation and differentiation. HA is a large unbranched, nonsulfated glycosaminoglycan composed of repeating disaccharide units of N-glucuronic acid and Nacetylglucosamine and is a major constituent of the ECM. HA can reach upwards of 25,000 disaccharide units, with molecular weights as high as 10 7 Da. HA can have distinct physiological functions depending on its size, concentration, and localization. These functions include altering tissue hydration and elasticity and creating cell-free spaces that are crucial for cell migration. In addition, HA can induce cell signaling through transmembrane HA receptors.
HA is synthesized at the inner face of the plasma membrane and secreted into the extracellular space as a linear undecorated molecule. In mammals, HA synthesis is achieved by a family of transmembrane proteins known as HA synthases (HASs). The mammalian genome codes for three such synthases, HAS1, HAS2, and HAS3. HA catabolism is carried out by hyaluronidases (HYALs) that differ in their cellular localization and pH optima. Mammals possess multiple hyaluronidase genes, including HYAL-1 through HYAL-5, PH20/SPAM1, and, in humans, a pseudogene designated PHYAL-1. The balance between HA synthesis and catabolism has long been recognized to play roles in CNS development (e.g., [14] [15] [16] [17] ). Here, we review data implicating alterations in HA synthesis, signaling, and catabolism in the responses of progenitor cell populations to neurodegenerative diseases and CNS injuries and provide a framework to assess the efficacy of targeting HA as a strategy to promote CNS repair.
HA Accumulates in the Damaged CNS

Ischemic Injury.
In the uninjured CNS, HA is diffusely distributed throughout the white matter but is densely packed in gray matter, including perineuronal nets (Figure 1 ). Damage to the CNS leads to HA accumulation [4, 18] in both white and gray matter that can persist for long periods of time after the initial insult. In most cases, pathological elevation of HA is linked to increased HAS transcription and is often associated with reactive astrogliosis and glial scarring. This effect has been most thoroughly studied in the context of ischemic injuries. For example, HAS2 mRNA is normally expressed at very low levels in the CNS but increased significantly within 6 hours following middle cerebral artery occlusion in rats [19] . HA was also elevated up to six weeks following a photothrombotic stroke lesion in adult mouse cortex [20] . Consistent with these experimental findings, HAS1 and HAS2 Figure 1 : Distribution of HA (white) in lumbar spinal cord white matter (WM) and gray matter (GM). A section of a rat spinal cord was labeled with a biotinylated-HA-binding protein then visualized by fluorescence microscopy following staining with fluoresceinlabeled streptavidin. Note that HA is diffusely distributed throughout white matter, but is much more dense in gray matter.
are elevated in infarcted and peri-infarcted tissues from patients following ischemic stroke [21] . Plasma levels of HA were also significantly elevated in acute stroke patients compared to controls and could predict 3-month functional outcomes, especially in patients with intracerebral hemorrhage [22] .
In addition to the findings in adult patients and in adult models of stroke, HA is also markedly elevated in perinatal hypoxic-ischemic cerebral white matter injuries. Lesions resulting from these insults are the leading cause of cerebral palsy in survivors of premature birth and contribute to lifelong neurobehavioral disabilities. HA accumulates in the ECM in human preterm chronic cerebral white matter lesions coincident with extensive reactive astrogliosis [23] . Similarly, in a fetal sheep model of cerebral hypoxic-ischemic injury, HA rapidly increased by 24 hours after a single episode of fetal hypoxia-ischemia and remained persistently elevated for weeks [24] .
Seizures.
Seizures also alter HA synthesis in the CNS but whether seizure activity directly increases or decreases HA is not entirely clear. Epileptic seizures can influence both the behaviors of existing neurons and adult neurogenesis (the generation of new neurons). One consequence of these alterations is abnormal sprouting by granule cell axons (so-called mossy fiber sprouting) in the dentate gyrus of the hippocampus, an area of the brain involved in learning and memory. Degradation of HA in organotypic hippocampal slice cultures with a hyaluronidase significantly reduced kainic acidinduced mossy fiber sprouting, a synaptic rearrangement associated with temporal lobe epilepsy [25] . Interestingly, HA and HAS3 both decrease in perineuronal nets in the hippocampus following seizures in a rodent model of temporal lobe epilepsy [26] while Has3-null mice have reduced hippocampal volumes and develop epileptic seizures [17] . These data suggest that reduced HA could contribute to seizure onset and recurrence but HA digestion by a hyaluronidase may generate HA products that reduce mossy fiber sprouting and, possibly, positive feedback circuits for seizure generation. In contrast to studies in rodents, HA was observed to increase in the hippocampus and temporal neocortex of patients with intractable mesial temporal lobe epilepsy [27] . It is possible that this discrepancy with the rodent studies is due to the fact that the human tissue samples had more chronic lesions with extensive astrogliosis compared to the rodent tissues and that HA was rebounding coincident with glial scarring.
Traumatic Brain and Spinal Cord
Injuries. For up to 5 months after dorsal rhizotomy proximal to dorsal root ganglia, Mansour and coworkers [28] found increased glial hyaluronan-binding protein immunoreactivity (which typically reflects increased HA). In another study, spinal cord contusion injury in rats resulted in HA degradation at the site of injury with subsequent elevated accumulation within one month after injury [29] . HA was highest in areas where there was extensive astrogliosis. A study of controlled cortical impact injury in rats (as a model of traumatic brain injury) indicated that HAS1 and HAS2 mRNA increase anywhere from 4 hours to 3 days after injury compared to craniotomy alone [30] . This study did not, however, validate their findings by examining the distribution or levels of HA. Nonetheless, these data indicate that traumatic CNS injuries lead to longterm increases in HA in affected tissues.
Demyelinating Diseases.
A number of studies have demonstrated increased HA in CNS lesions associated with neurodegenerative diseases that influence white matter. For example, HA is elevated in demyelinating white matter lesions from mice with experimental autoimmune encephalomyelitis and patients with multiple sclerosis, both of which are autoimmune diseases where myelin-reactive immune cells induce demyelination [31] [32] [33] . HA is also elevated in the brains of patients with Vanishing White Matter Disease, a genetic leukoencephalopathy caused by mutations in eukaryotic translation initiation factor 2B [34] . These patients experience a slowly progressive neurological deterioration with episodes of rapid clinical worsening triggered by stress. HA accumulation was especially pronounced in affected frontal white matter but not in the unaffected cerebellar white matter in these patients.
Normative Aging and Dementias.
HA accumulation in the CNS also occurs during the course of normal aging. Moderate increases in HA were observed in 30-month-old rat brain tissue compared to tissues from younger animals [35] . HA levels also significantly increase with age in the gray matter of rhesus and Japanese macaques in areas with astrogliosis and coincident with increased transcription of HAS1 expressed by reactive astrocytes [36] . HA is similarly elevated in gray matter from patients with Alzheimer's disease (AD) [37, 38] and the white matter of patients with vascular dementia who have a low burden of AD pathology accompanied by vascular injury consistent with vascular dementia [39] . In agreement with these findings, Nägga and coworkers [40] observed significantly increased levels of HA in the cerebrospinal fluid (CSF) from patients with vascular dementia but not AD alone compared with controls. This is consistent with the findings of Laurent and coworkers [18] , who observed elevated HA in the cerebrospinal fluid (CSF) of patients with a number of different neurological diseases. Increased levels of HA were also observed in the CSF of individuals with vascular abnormalities determined as significant white matter changes or in patients with previous infarction compared with individuals without these findings [40] . There was a positive correlation between the levels of HA and the CSF/serum albumin ratio, an indicator of blood-brain barrier integrity, in patients with both vascular dementia and AD. These findings support the notion that HA accumulates in gray matter during the course of normal aging, and further increases in white matter in cases of age-related vascular injury.
All together, the findings described above demonstrate that HA accumulates, likely due to increased HAS transcription, in a wide variety of insults to the CNS. HA accumulation is usually associated with astrogliosis, and indeed reactive astrocytes demonstrate elevated HAS. This likely accounts for the chronically high levels of HA within glial scars. As indicated by studies in models of spinal cord injury and seizures, HA may initially become degraded due to the possible induction of specific hyaluronidases or other factors in the early injury environment but, at least in chronic lesions, quickly accumulates to higher than normal levels that are sustained for long periods after the initial insult. At least in some insults, this elevated HA can be detected in CSF. Future studies focused on examining when HA concentrations become detectably elevated in the CSF following different insults to the CNS will demonstrate the potential of HA as a diagnostic biomarker for CNS injury.
HA Accumulation Alters Neural Progenitor
Cell Proliferation and Differentiation
Effects of HA on Neural Progenitor Cells and Glia.
What are the consequences of prolonged HA accumulation in CNS lesions? In addition to its roles in nervous system development and homeostasis, HA can have an impact on nervous system repair by altering the proliferation, migration, and differentiation of progenitor cell populations in the CNS. In demyelinating lesions, including those of multiple sclerosis patients, some recovery of function is associated with the recruitment of oligodendrocyte progenitor cells (OPCs) that differentiate into oligodendrocytes (OLs) that remyelinate spared axons [41] . However, in chronic white matter lesions, OPCs accumulate and fail to give rise to myelinating OLs [42] [43] [44] [45] [46] [47] . The presence of HA within demyelinating lesions correlates with areas where remyelination fails, and the addition of high molecular weight preparations of HA (>10 6 Da) to rodent OPCs in vitro, to white matter slice cultures, or to lysolecithin-induced demyelinating corpus callosum lesions blocks OPC differentiation and remyelination [31, 32, 48] . Interestingly, high molecular weight HA also blocks astrocyte proliferation [29] and inhibits glial scarring [49] . Thus, although the accumulation of HA in demyelinating lesions is linked to the inhibition of OPC maturation and remyelination failure, it may also mediate glial scar formation.
HA may also play a role in OPC recruitment to demyelinating lesions. Following demyelinating insults, OPCs migrate towards damaged axons before differentiating into myelinating OLs. Using an OPC line, Piao and coworkers [50] found that reducing the expression of the HA receptor CD44 or treating cells with a CD44 blocking antibody inhibited OPC migration both in vitro and following transplantation into inflammatory demyelinating lesions. Although the authors reported elevated HA in these lesions, it remains to be determined if HA is directly required for the migratory behavior of these cells. Nonetheless, these data suggest that while HA can block OPC maturation when found in excess in demyelinating lesions, HA might also be required to facilitate OPC recruitment to lesions in a CD44-dependent manner.
Roles of HA in Neural Stem/Progenitor Cell Niches.
While HA is mostly observed at low levels in the uninjured adult brain, it remains at high levels in the adult subventricular zone, the subgranular zone of the dentate gyrus of the hippocampus, and the rostral migratory stream, areas where neural stem/progenitor cells (NSPCs) reside throughout life [20, 51] . HA may, therefore, play a role in regulating NSPCs in their niches [52] . Although it is unclear what direct role HA plays in NSPC niches, a number of studies have examined the effects of HA gels on NSPCs and the use of these gels as vehicles in NSPC transplantation studies [52] . For example, HA hydrogels significantly improved the survival of a human NSPC line and glial-restricted precursor cells following transplantation into the brains of mice [53] . In another study, a biopolymer hydrogel composed of cross-linked HA and heparin sulfate significantly promoted the survival of NSPC lines in vitro in conditions of stress and in vivo following transplantation into the infarct cavity in a stroke model [54] . Degradation of the HA gels encapsulating neural progenitor cells caused differentiation and maturation of the progenitor cells.
Collectively, these studies suggest that HA within NSPC niches plays a critical role in regulating NSPC proliferation and differentiation. This function of HA is recapitulated in demyelinating and possibly other lesions, where OPCs encounter a niche-like environment rich in HA that can influence OPC migration, astrocyte proliferation, and glial cell differentiation. Presumably, the levels and distribution of HA within NSPC niches must be tightly controlled to regulate NSPC differentiation. The challenge will be to identify a means of controlling HA synthesis or catabolism within NSPC niches or areas of damaged CNS tissues in a way that promotes nervous system repair. The use of HA biomaterials, as described above, has the potential to regulate HA functions in both stem cell niches and CNS lesions, offering a potential approach to stem/progenitor cell-based therapies (reviewed in [52] ).
Endogenous Hyaluronidases Influence CNS Repair
As discussed above, there are several mammalian hyaluronidases that catabolize HA in tissues. While digestion of high molecular weight HA can have its own biological consequences, the accumulation of HA digestion products generated by hyaluronidases can also have distinct, size-dependent activities.
Roles of Hyaluronidases in CNS Injury and Disease.
The first indication that hyaluroidases play a role in the CNS came from the observation that there is a high level of hyaluronidase activity in the developing brain and spinal cord that declines during the early perinatal period [14] . Hyaluroindase activity and expression are generally low in the adult CNS. However, following a number of insults to the nervous system, hyaluronidase expression and activity increase. For example, in both stroke and peri-infarct regions of ischemic stroke patients, HYAL1 and HYAL2 were elevated in inflammatory cells, microvessels, and neurons [21] . Elevated hyaluronidase expression was accompanied by the accumulation of low molecular mass (3-10 disaccharides) HA, suggesting that increased hyaluronidase expression within ischemic CNS lesions is accompanied by the accumulation of HA digestion products. Hyal1 mRNA was also elevated in rats following a craniotomy or a controlled cortical impact injury [30] . Other hyaluronidases, including PH20/SPAM1, were also detected and showed trends of increased expression but the changes were not significant. Similarly, hyaluronidases were elevated in demyelinating lesions where HA accumulates. Sloane and coworkers [32] found that OPCs express multiple hyaluronidases including PH20/SPAM1 (referred to henceforth as PH20) by immunocytochemistry. This result was surprising, since previous studies had not detected PH20 in the brain. A subsequent study demonstrated that PH20 is expressed by mouse astrocytes and OPCs both in vitro and in demyelinating mouse and human lesions by immunohistochemistry and, in mice, by RT-PCR [55] . This amplified RT-PCR product was the same size as PH20 amplified from mouse testes, did not originate from genomic DNA, and was confirmed to be PH20 by sequencing. Furthermore, infecting OPCs with a lentivirus carrying the cDNA for PH20, but not for other hyaluronidases normally expressed by OPCs, blocked OPC differentiation [55] . Treatment of OPCs in vitro with a broad-spectrum hyaluronidase inhibitor (ascorbate 6-hexadecanoate) promoted OPC maturation [32, 55] while treatment of demyelinating lesions with the inhibitor overcame the inhibitory effects of high molecular weight HA on remyelination, leading to functional recovery [55] .
Further evidence that PH20 is elevated in the CNS following injury comes from a sheep model of prenatal white matter injury described above, where elevated ovine PH20 expression was confirmed through multiple approaches [24] . A single PH20 transcript was detected using a nested RT-PCR assay of mRNAs isolated from control and injured white matter in two separate labs. This transcript was the same size as in fetal ovine testes, was obtained with multiple primer sets, did not originate from genomic DNA, and was confirmed by sequencing to be PH20. PH20 was also detected in fetal ovine white matter by RNA-Seq in data from 10 animals, with the fetal ovine PH20 sequence confirmed to be highly homologous to rodent and human PH20. Finally, PH20 was detected International Journal of Cell Biology 5 by immunohistochemistry in fetal sheep brain tissues using two separate polyclonal antisera from rabbit and chicken. Lower levels of PH20 staining in controls relative to the white matter injury groups support the notion that PH20 expression is elevated following prenatal hypoxic-ischemic injury. All together, these data support the hypothesis that PH20 and possibly other hyaluronidases block OPC maturation and remyelination.
Hyaluronidases Can Influence Neuronal Activity.
It is unclear if endogenous hyaluronidases influence neuronal function. However, a number of studies have suggested that HA within perineuronal nets can influence neuron activity that can be altered by hyaluronidase treatment. For example, the removal of perineuronal nets using hyaluronidase in hippocampal slices from young rats reduced the width of the synaptic cleft and increased the amplitude of excitatory postsynaptic potentials in CA1 axodendritic connections [56] . From this and other studies, it is reasonable to conclude that HA-rich perineuronal nets could influence both the efficacy and architecture of synapses. Furthermore, the controlled degradation of HA in perineuronal nets may be a mechanism used to alter synaptic plasticity underlying learning and memory. Hyaluronidase has also been reported to regulate -amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor trafficking into and out of the synapse [57] suggesting that HA may control the plasticity of individual synapses by creating distinct membrane compartments and controlling the passive diffusion of molecules at the cell surface. Interestingly, perisynaptic HA may influence lateral mobility at the plasma membrane differently on spiny versus aspiny neurons [58] . How this perineuronal HA is regulated is unclear. It is intriguing to speculate, however, that hyaluronidases expressed by neurons or local glial cells may regulate neuronal activity through the regulated catabolism of HA.
HA Digestion Products Generated by Hyaluronidases Can
Influence Neural Progenitor Cell Behaviors. While the digestion of HA by hyaluronidases may relieve signaling induced by high molecular weight HA, HA digestion products generated by hyaluronidases may also have their own distinct biological activities in the CNS. For example, digestion products of HA generated by bovine testicular hyaluronidase (whose activity is mostly PH20), but not those of another hyaluronidase directly blocked OPC differentiation and remyelination [55] . This finding is interesting in light of the observation that HA digestion products of sizes that are consistent with those predicted to be generated by hyaluronidase activity accumulate in demyelinated multiple sclerosis lesions [32] . It remains to be determined whether PH20 digestion products directly impact OPC maturation in ischemic CNS injuries the way they do in adult demyelinating lesions.
Additional evidence supporting the possibility that hyaluronidase-generated HA products could influence nervous system repair comes from studies utilizing HA oligosaccharides. For example, an HA tetrasaccharide was reported to improve functional recovery following spinal cord injury, possibly by inducing the expression of brain-derived neurotrophic factor (BDNF) and vascular endothelial growth factor (VEGF) in astrocytes within the injury environment [59] . HA tetrasaccharides can also promote axonal outgrowth and promote peripheral nerve regeneration [60] . It is unclear if these tetrasaccharides are blocking interactions between other sizes of HA and their receptors, or if they are mimicking the effects of HA digestion products.
These studies indicate that high molecular weight and digested forms of HA each have distinct functions following nervous system injury and during recovery. Certain sizes of HA products that accumulate in the damaged CNS may induce cellular signals that prevent differentiation and inhibit repair, while others may induce distinct signals that support these activities. Identifying how these products are generated, the precise sizes of HA fragments that influence cell signaling in neural progenitor populations, and the receptors and downstream effectors that regulate these signals will likely lead to novel strategies to promote nervous system repair.
HA Receptors Are Elevated in the Damaged CNS
There are a number of receptors that signal in response to HA [61] . Among these receptors, CD44, the receptor for HAmediated motility (RHAMM), Stabilin-2 (the HA receptor for endocytosis), lymphatic vessel endothelial hyaluronan receptor-1 (LYVE-1), and HA-binding Toll-Like Receptors (TLR-2 and TLR-4) are expressed in either the normal or diseased CNS. The roles for most of these receptors in the brain and spinal cord are not clear. However, several studies have implicated CD44 in nervous system development, homeostasis, repair, and injury responses.
CD44 Is Elevated following CNS Insults and Is
Required for CNS Development. HA binds to CD44 via an extracellular domain that shares homology with cartilage link protein.
Multiple forms of CD44 are generated as a result of extensive RNA splicing and posttranslational modifications [62] , both of which can alter the binding affinity of HA to CD44. In general, CD44 preferentially binds high molecular weight forms of HA, although lower MW forms of HA may also signal via CD44. CD44 has been shown to influence multiple cellular behaviors including survival, proliferation, migration, and differentiation via interactions with a variety of downstream intracellular signaling molecules. These functions are linked to CD44-mediated signaling through the CD44 cytoplasmic tail, which interacts with a number of intracellular proteins including Src family kinases and members of the ezrin, radixin, moesin family of actin-associated proteins, including the merlin tumor suppressor protein [62] . CD44 is expressed throughout both the central and peripheral nervous systems predominantly by glial cells, although some neuronal populations are at least transiently CD44-positive [5] . In parallel with HA, CD44 expression increases in the injured CNS coincident with gliosis [63] . In traumatic CNS injuries, for example, CD44 is chronically elevated within areas of reactive gliosis [64, 65] . CD44 is also elevated following ischemia in the brains of adult animals and humans [19, 21, 66, 67] and may influence inflammatory responses following ischemic brain injury [68] . CD44 is similarly elevated in lesions from patients [23] and sheep [24] with perinatal hypoxic-ischemic cerebral white matter injuries, in the gray matter of aged macaques [36] , and in patients with evidence of vascular brain injury associated with agerelated cognitive decline [39] . Finally, CD44 expression is increased in a mouse model of amyotrophic lateral sclerosis (ALS; [69] ). In each of these conditions, CD44 localized to reactive astrocytes or microglia. Demyelinating lesions demonstrate highly elevated CD44 expression on reactive astrocytes and OPCs in conjunction with elevated HA [31, 63, 70] . Transgenic elevation of CD44 in OPCs leads to HA accumulation and the persistence of OPCs that fail to differentiate into OLs [71] . These mice are phenotypically similar to shiverer mice that lack CNS myelin. Furthermore, chronic elevation of CD44 on OPCs leads to pericellular HA accumulation [31] . Thus, chronically elevated CD44 can contribute to HA accumulation that contributes to the failure of OPC maturation. It remains unclear if CD44 is required for the effects of HA digestion products on OPC maturation and remyelination. In contrast, loss of CD44 leads to impaired OPC migration into demyelinating lesions [50] suggesting that CD44 may be required for OPC recruitment following CNS insults. Together, these findings suggest that CD44 expression must be tightly regulated in OPCs to ensure that they effectively migrate to CNS lesions and differentiate into myelinating oligodendrocytes.
CD44 is also elevated in the hippocampus following seizures [25, 72] . Although the significance of this expression is unclear, mossy fiber sprouting can be inhibited using CD44 function-blocking antibodies [25] . Furthermore, CD44 null mice demonstrate hippocampal learning and memory deficits, consistent with abnormalities in adult hippocampal function [73] . These data suggest that, similar to OPCs, CD44 expression by cells in the hippocampus must be tightly regulated to maintain hippocampal function.
RHAMM May Influence Axon Outgrowth and Glial
Cell Motility. Like CD44, RHAMM also exists in multiple isoforms and is expressed by at least subsets of neurons and glial cells, especially oligodendrocytes [74] . Unlike CD44, RHAMM can function both in the cytoplasm and at the cell surface as a glycophosphatidylinositol-anchored protein. Intracellular RHAMM binds to a number of structures including microtubules, actin, the centrosome and the mitotic spindle, and podosomes. HA binding to RHAMM can promote cell migration and growth through interactions with a variety of intracellular signaling molecules such as focal adhesion kinase (FAK), by inducing changes in actin and microtubule dynamics [75] . Interestingly, RHAMM can also interact with CD44 to influence extracellular signal-regulated kinase (ERK) activity that is required to promote cell migration [76] .
Like CD44, RHAMM is observed in astrocytes in periinfarct areas following ischemia [20] and has been implicated in promoting axonal growth and astrocyte and microglial motility [77] . It is unclear, however, how RHAMM-HA interactions influence CNS injury outcomes. Interestingly, RHAMM can bind to the signaling mediator calmodulin in a calcium-dependent manner [78] , suggesting a role for RHAMM in calmodulin-mediated cell signaling in the CNS.
Toll-Like Receptors May Regulate Responses to HA Digestion Products in the Injured CNS. A number of studies have
International Journal of Cell Biology 7 suggested that HA is a ligand for Toll-Like Receptors (TLRs). Both TLR2 and TLR4 have been reported to bind HA [79] and their expression has been detected in NSPCs [80] where they may play a role in regulating neurogenesis. TLRs are also expressed by microglia and astrocytes [81] . Sloane and coworkers [32] have reported that TLR2 is expressed by OPCs and that hyaluronidase-generated HA digestion products signal through TLR2 to inhibit OPC maturation, although roles for additional receptors in OPC responses to HA products have not been ruled out.
Altogether, studies to date support the notion that multiple HA receptors are involved in nervous system responses to injury, regulating cell migration, axon outgrowth, and differentiation. What remains to be determined is how these receptors interact to influence each of these cellular behaviors, how receptor activation influences specific intracellular signaling cascades, and which receptors respond to high molecular weight HA versus HA digestion products generated by hyaluronidases.
Conclusions
HA synthesis and catabolism are both induced following insults to various tissues, including the CNS. Following most if not all forms of CNS injury, the HA-based ECM is initially disrupted, leading to the loss of HA within new lesions. However, soon after the initial CNS insult, HA accumulates predominantly through transcriptional upregulation of HAS genes by astrocytes and other reactive glia. HA accumulation is accompanied by transcriptional upregulation of CD44 and possibly other transmembrane HA receptors leading to both enhanced HA signaling and anchoring of cell surface HA, contributing to further HA accumulation in the injury microenvironment. Such anchoring of HA to the cell surface by CD44 has been described in activated brain endothelial cells [82] . In conjunction with the transcriptional activation of HAS genes and HA receptors, the expression of one or more hyaluronidases is also induced, leading to the digestion and clearance of the accumulated HA in the lesions. The balance between HA accumulation and HA degradation by hyaluronidases can influence a number of cell behaviors, such as proliferation and differentiation in NSPC niches (Figure 2) . Interestingly, HAS, HA receptor, and hyaluronidase expression may each be influenced by the same milieu of proinflammatory mediators that are induced following tissue damage. Disruption in the balance between HA synthesis and catabolism can lead to either excess high molecular weight HA accumulation or the accumulation of HA digestion products that can negatively impact CNS repair. The best example of this latter outcome has been demonstrated in the case of remyelination failure, where the accumulation of HA digestion products inhibits OPC maturation in demyelinating lesions (Figure 3) .
In CNS diseases and injuries, it will be important to determine to what degree the disruption of high molecular weight HA versus the accumulation of HA digestion products is important for recovery. For example, following seizures, it is conceivable that maintaining the HA matrix is important [83] ) and to promote OPC maturation [55] . Blocking the activation of receptors that respond to HA digestion products may also be an efficacious strategy to promote OPC maturation and myelination following perinatal hypoxia-ischemia and in demyelinating diseases. As the contributions of HA synthesis, catabolism and signaling become more clear in different types of CNS insults, we will gain new clues about how targeting HA synthases, hyaluronidases, and HA receptors could lead to novel therapies to promote CNS repair.
